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A STUDY OF HYDRAULIC FILL 


SETTLEMENT 


Reported by HENRY AARON, Assistant Highway Engineer, Div 


ORTIONS of the Mount Vernon Memorial High- 
way traversed tidal muck flats adjacent to the 
Potomac River and were constructed by placing a 
hydraulic fill of sand and gravel dredged from the 
river bottom. These fills aggregate approximately 2%, 
miles in length and required the movement of about 
3,500,000 cubie vards of material in their construction. 
The quantity of fill material placed was considerably 
greater than was estimated originally to be necessary. 
Observations were made on the representative fill at 
Four Mile Run, to determine the factors responsible 
for the use of the excess material. 


CONDITIONS INDICATED DESIRABILITY OF A POROUS FILL 
MATERIAL 

The general location of the improvement and the 
original soil profile on the center line of the road are 
shown in figure 1. The profile consists of a laver of 
soft muck 10 to about 30 feet thick resting on a firm 
sand foundation and is covered with about feet of 
water at high tide. 

The original design for the fill is shown in figure 2. 
A sandy gravel was to be used to form a fill 100 feet 
wide at the top, at an elevation about 10 feet above 
mean sea level and sloping to the surface of the muck 
at the rate of 4 to 1. 

Porous fill material was specified for several reasons: 

1) It furnishes high stability throughout the fill, and 
the fill is not jeopardized even by total saturation of its 
base; and (2) when the muck underlayer is compressed 
by the superimposed fill water can escape freely through 
the porous fill and settlement of the muck takes place 
quickly. 

Quick fill settlement was desired primarily because 
of the necessity for constructing the pavement on the 
fills as soon as possible. However, the expedited set- 
tlement of the fills has a deeper and more important 
significance in regard to fill stability. 

As the muck layer consolidates, its resistance to lat- 
eral flow or sliding increases. The more quickly the 
consolidation of the under soil occurs, the more rapidly 
does the factor of safety against failure of the fill due 
to sliding of the under soil increase. Danger of fill 
f ilure due to lateral flow of the under soil diminishes 
rapidly after the construction of fills of porous materials 
has been completed. There is not the same assurance 
ol increased stability with fills of relatively impermeables 
materials. The consolidation of the compressible layer. 
proceeds only as the contained water is squeezed out 
oi the voids. If the water is removed as fast as it is 


released, the compression of the muck layer will take” 


place in a more rapid and more uniform manner than 
it would if the water could not escape. With the pass- 
ing of time fills comprised of porous material resting on, 
a much less stable layer may support abrupt increases 
of load without danger of failure of the under soil by 
sliding. In contrast, ) 
impermeable materials under the same conditions may 
hot increase with age in the same manner. 

When a fill is constructed by the hydraulic method, 
arge quantities of water are discharged with the fill 
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the safe load capacity of fills of 
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FIGURE 1 PLAN AND Sort Prorite at Four Mine Rwn. 


material and the material must be such as to drain 


rapidly, otherwise it will require many years to become 
stable enough to support construction equipment. 
This was clearly illustrated while paving on Columbia 
Island on the same project. This island was made .bw 
pumping unselected material from the Potomac River 
during the process of channel deepening.’ The fill had 
been built over 5 years before, but there were many ” 
places which would not support the weight of a man 
until artificial drainage was provided. No difficulties 
were encountered when paving over the fill described 
in this report, even though the pavement was placed 
within 2 years of the completion of the fill. 

Borings made to locate a porous material for use in 
the fill disclosed a supply of sand and gravel within the 
range of dredging equipment at the location shown in 





prt hacaeiniaasiainae ‘ 
1 Public Roads, vol, 13, no. 4, June 1932, p. 57 
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- MEAN vu | and two as regards the position of the pipe discharging 
} ND GRAVE ae fill material. From the north end of the fill to approxi- 
z mately station 186 the material for the second lift was 
pumped through two pipe lines spaced about 50 feet 
apart, one pipe discharging about 25 feet to the night 
and the other about 25 feet to the left of the center line 
as shown in figure 4. Figure 5 shows a view of the fill 
at this stage of the construction. The two pipe lines 
were moved close together at the center line, as shown 
in lower sketch of figure 4, for the construction of the 
remainder of the second lift. 
figure 1. This material was graded from fine sand to; During the construction of the second lift with the 
gravel 6 inches in diameter or larger and had an average | pipe lines separated 50 feet, sliding of large portions of 
loose weight of 101 pounds per cubic foot and a rodded | the fill occurred at the two locations designated in figure 
weight of 110 pounds per cubic foot. Prospecting fora | 3. When the slides began cracks formed around the 
suitable fill material was done with a wash boring outfit | area adjacent to the discharge pipe and widened as the 
mounted on a scow. pumping continued. The fill settled vertically and dis- 
— placement took place laterally. With the continuation 
of these phenomena mounds of soft river muck were 
The fill was constructed in two lifts as shown in| forced up to a height of as much as 8 feet above the 
figure 3, which shows also the progress of the work. / original river bottom thus disturbing the original muck 
The cross hatching shows the elevation through which | layer for distances of several hundred feet from the 
the fill was raised by the two lifts but is not indicative | center line. The pumping was continued until the 
of the quantity of material required in each operation. | lateral flow stopped and the fill reached the required 
The total amount of material equals that for the cross | height. Subsequently elevations were measured at 
hatched area plus that for the space between the bottom regular time intervals in order to determine the rate at 
of the cross hatching and the broken line shown below. which settlement occurred. 
How this additional material was divided between the Figure 6 shows a mound produced by the slides. A 
two lifts is not known. close-up of one of the mounds which shows the character 
The first lift was constructed by pumping material | of the displaced river bottom material after exposure 
continuously into place to an elevation of about 5 feet | to the atmosphere is shown in figure 7. Figure 8 shows I 
through a single pipe line. The second lift was con- | the cross sections of the fill at four different locations as 
structed in three sections as regards time of placement! indicated by the borings. 


FIGURE 2.—FILL SEcTION AS DESIGNED AND CHARACTER OF 
UNDERSOIL. 
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5.—Dovs.Le Pier LINE For PLacinc SEconp LIPFT. 
METHODS OF DRILLING AND SAMPLING DESCRIBED 


The location of the borings to determine the cross 
section of the fill and to obtain samples of the com- 
pressed muck layer are shown in figure 3. They were 
of two kinds, the “probe” borings designated as P-1, 
P-2 borings designated as 





~2, ete., and the ‘‘sample”’ 
S-1, S-2, ete. 

_The “probe” borings were made by driving a 2-inch 
» Pipe through the fill material and soft under soil until 
> ‘rm foundation was reached. As the driving proceeded 

the material penetrated was washed up through the 2- 
» uch pipe by water pumped through a 1-inch drill pipe. 
» These borings indicated only the elevation of the bot- 
® ‘om of the fill material and the bottom of the muck. 
& = set-up of this boring equipment is illustrated in 
= ‘gure 9, 
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Figure 6.—LeErt Sipe or Fitu at Station 175+50 SHowING 
AREA OF BULGED MATERIAL AND NATURE OF SLIDE. THE 
Row OF STAKES IN THE FOREGROUND WAS ON THE SHOULDER 
LINE OF THE FILL BEFORE THE SLIDE OccURRED. 
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FiGuURE 8.—Cross Sections or Fit as INDICATED BY BORINGS. 


In making the “sample” borings a 4-inch pipe was 
used for the casing and a 2-inch pipe for drilling and 
| washing in the same manner as for the “probe” bor- 
‘ings. As the drilling proceeded cores of river-bottom 


_material were obtained in an undisturbed state from 
different elevations in the muck layer. 
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FIGURE 9. 


The equipment used in driving and washing the 
casing is illustrated in figure 9. 

The device for taking cores consisted of a section of 
3-inch galvanized steel pipe about 15 inches long, 
sharpened at one end, and attached by a special 
coupling to a l-inch pipe at the other. Inside the 
coupling was a check valve, specially designed as 
illustrated in figure 10 to prevent the loss of the core 
when the pipe was withdrawn. 

The undisturbed samples were taken in the follow- 
ing manner: 

The 4-inch casing was first thoroughly cleaned of all 
the material penetrated, after which the coring device 
was lowered through the casing and pushed down into 
the river-bottom material slowly and without twisting. 
The air and water entrapped by the soil entering the 
device escaped through the check valve. When the 
resistance to further penetration indicated that the de- 
vice was filled with soil, it was turned through two 
revolutions and then pulled up slowly. The tube con- 
taining the soil core was next uncoupled, sealed with 
paraffin, and labeled. Figure 11 shows two cores 
sealed with paraffin and the sampling device for 
obtaining these cores. 

At depths other than those at which the cores were 
taken, samples of the material washed up through the 
casing were obtained and placed in glass jars of 1- 
quart capacity. 

The elevations from which both cores and samples 
were obtained in the ‘‘sample’’ borings are shown in 
figure 12, which shows also the character of the mate- 


Upper Lertr—APppaRATUS FOR TAKING UNDISTURB 
DkKILLING 


Vol », No. 1 


ED CorRESs Lower Lerr anp RiGuHt APPARATUS FOR PROBE 


rial penetrated as identified in the field. Sample bor- 
ing S-9 (see fig. 3) was taken 264 feet from the center 
line at a point outside of the fill area and is intended 
to represent the muck in its natural uncompressed 
state. Even at this distance some disturbance of the 
muck occurred although no fill material was present. 
The wash boring samples were tested in the subgrade 
laboratory of the bureau at Arlington, Va. The cores 
were tested at the Massachusetts Institute of Tech 
nology as a part of a cooperative research on subgrad 
materials.* 


ANALYSIS OF SAMPLES DISCLOSES CHARACTERISTICS OF THE 
RIVER-BOTTOM MATERIALS 


The results of the standard laboratory tests * per- 
formed on the samples of soil collected in the wash 
boring are shown in table 1 ana the results of tests * 
on the core materials are shown in table 2. Table 2 
shows also the moisture content of the samples in the 
natural state. 


The test results (table 1) show that the sand beloncs | 


to the good A-3 soil group and the mucks (tables 
and 2) belong to the A-S group. The wash-boring 
samples (table 1) had lost the finer portion of muck 


2? These tests were carried out under the supervision of Arthur Casagrande, form« 
research assistant of the Bureau of Public Reads, stationed at the Massachu 
Institute of Technology Mr. Casagrande aided in drawing up the specification 
drilling and sampling 

These tests were carried out according to the Procedures for Testing Soils for 
Determination of the Subgrade Soil Constants, Public Roads, vol. 12, no. 8, Oct« 
1931 

‘ The tests on the core material were performed on the materials before they 
dried out. The procedures for making these tests are described in Research on 
Atterberg Limits of Soils, Public Roads, vol. 13, no. 8, October 1932 
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Figure 10.—Deraints or Cueck VatLvt 


SAMPLING DEVICE. 


ue to the method of sampling. The samples as col- 
lected have lower liquid limits, lower plasticity indexes 
and higher shrinkage limits than the corresponding 
sumples of muck (table 2 

The test results on the wash-boring samples (table 1 
are more uniform than the results on core samples. 
There is indication that the variation in the results on 
es is due to the presence of ultra fine material which 
is carried away in suspension in wash-boring or to 
ue electrolytic property destroved in taking the 
Wash-boring samples. 

Regardless of the cause of the difference, there re- 
mains the fact that the sand and muck samples of 
table 1 are similar to the materials used in building 
Columbia Island ® which was constructed of river 
bottom material pumped from the Potomac River 
during the process of channel deepening. The wash- 
boring samples are representative of the material in fills 





‘ Publie Roads, vol. 13, no. 4, June 1932, p. 57 
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constructed of muck placed by the hydraulic method 
and the core sample Ss are representative of the under 
muek lavers in plac 


g bo S$ pe ‘fo med on sam] les obla ned 
7 ash be nag Sample locations are shown in fig. 12 
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According to table 2 the mucks comprising the under 
soil have liquid limits varving from 62 to 132 and exist 


in place with moisture contents varving from 76 percent 


TABLE 2 Results of labora ests ormed on cores. Loca- 
ons oO ( sho hig. 12 
M ( 

RB ( I 1 Plastic Shrink 

0 ity index age limit 
S-2 2 7 rw 3S 2th 
s-4 s 103 44 33 
S 20 128 66 29 
; 131 64 34 
Sf 132 69 32 
S-7 . ti4 89 4s 27 
5 96 47 34 
f 112 61 32 
5-9 74 62 30 29 
7 79 36 31 

These cores were very nonunifor! nd were t suitable for compression tests 


Therefore, they are not considered int 


{the test data 
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to 125 percent of the weight of the dry soil. On the 
basis of relative volumes, for every part of solid soil 
material (with a specific gravity of 2.6 in this case) 
there are from 2 to 3% parts of water. The stable sand 
layer, in contrast, is not likely to contain more than 
0.6 part of water by volume to each part of solid ma- 
terial. The significance of such differences in moisture 
content with respect to the relative stability of sands 
and mucks has been discussed previously in Public 
Roads.® 


6 Stabilization by drainage of muck and sand fill. 
June 1932, pp. 57-60, inclusive 
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SUBSURFACE MOVEMENTS OF FILL OCCURRING DURING CON- 
STRUCTION DISCLOSED BY BORINGS 

The cross sections of the fill as shown by the borings 
| plotted in figure 8 disclose the following: 
| 1. Where no slides occurred, as at station 187, the 
| fill material penetrated into the muck fairly uniformly 
| throughout the cross section. The greatest penetra- 
| tion occurred in the center, under the greatest weight 
| of fill, and the penetration diminished toward the side 
‘as the fill feathered out. 


similar to that of the upper surface but in a reversed 


The contour of the lower 
surface of the fill at station 187 is, in a general way, 
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position. At station 178+50, where no abrupt slides 
were observed during construction, the penetration 
was very similar to that at station 187, but lateral 
flow is indicated by the position of muck surface 4 feet 
above its original position at the outer limits of the fill. 
2. At station 175+50, where the muck varied from 
\l to 13 feet deep, the fill penetrated to a depth of 4 
feet in the portion between the shoulder lines of the 
roadway. On both sides, however, at a distance of 
about 100 feet from the center line, the fill displaced 
the entire depth of the muck and rested on the firm 
underlying sand. 
in a mound 8 feet high at a distance of about 150 feet 
from the center line (fig. 6). This action trapped 
muck beneath the roadway. The greatest amount of 
upheaval occurred on the left side, where the sand layer 
is at a lower elevation. 
The greatest amount of sliding and the most 
regular penetration occurred at station 184 where the 
depth of muck ranged between 28 and 41 feet and the 
penetration of the fill varied from 5 feet at the center 
to 29 feet at 70 feet left of the center line and 17 feet 
at 30 feet right of the center line. Unlike the fill at 
Station 175+50, at no point did the fill at station 184 
penetrate the entire depth of the muck. However, at 
this place the layer of muck is considerably thicker 
than at station 175+50 and the surface of the sand is 
very irregular. To some extent the lower surface of 
the fill parallels the surface of the sand, especially at 
the right half of the section. 


INTERPOLATED 


The displaced muck was pushed up! 





SETTLEMENTS OF FILL. 


SETTLEMENT OF FILL DETERMINED FROM LEVEL READINGS 


Settlement of the fill during the first 12 months of 
its existence was determined by levels, taken periodi- 
cally, on stakes set in the fill on the center line and 50 
feet to the right and left of the center line. The stakes 
were destroyed during the grading and shaping opera- 
tions at the end of 12 months and no additional levels 
were taken until the pavement was laid about 20 months 
after the construction of the fill. Since that time levels 
have been taken periodically on the pavement. Since 
no readings were obtained during an interval of 8 
months and there was a possibility of error in trans- 
ferring elevations from the stakes to the pavement, 
these elevations are not discussed in this report. 

Only 10 borings were located within 50 feet of the 
center line. The locations of the borings and of the 
level stations do not coincide. Level points were 
located at the even stations about 5 months before plans 
for boring were made. ‘The borings were located at 
points in the fill which would give the most reliable 
information concerning the movements of the fill 
material, according to observations during construc- 
tion. 

Figure 13 shows graphically the settlement at drill 
holes and at leve] stations in the vicinity of the holes. 
The sketch with each graph shows the relative positions 
'of the level stations. The broken lines represent the 
| observed settlements as measured with the level while 
' the solid lines*show the settlements at the drill hole as 
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Perce Perce K Feet Feet Feet Feet Feet 
4 8 r 
|(40 feet left- S-2 | 2 - 6Y is 0. $496 l 0 4.1 { oy (x 
se Le { ) S| 
179+90 1) Center_-_-- : §-1 |.. 6 14 7 8020 8 d ( 8 88 08 
30 feet right P-2 Is S3US 12.1 s4 7 2s v0 
' | 120 Js 
(30 feet left... 8-5 |} 7 4 ( 737 2. dA 2 S7 0 
_ ‘ | 4 07 ] | 
165+ 00 Center_._. Pp 18. ( . 806 10.9 6. 4 2 6s RF 
30 feet right P-8 TOM 2.6 8 4.1 2 x Ot 
20 feet left __- P-11 7315 32.3 29.0 3.3 2 82 5 
1] 3s ) 
12 9g || 
. _ Y 105 ") \ . : : 
I 55 cles 2 a Zanes 5 easel higiealeneeicen S-7 13 am ta s s4 28.8 2 2s 45 
3 2) 
10 ll¢ 2 ii 
| 14 
30-feet right- P-14 6.0 , 1. 2058 () 16. 0 ( j 1. 64 
I ne P-18 24. ( 1105 21.8 16, s { 
} Computed from gravel thickness as disclosed by borings made about 6 months after completion of fill 


? All organic matter. 
interpolated from the measured settlements at the 
level stations. 

The level points on the center line at stations 184 and 
187 coincide with the boring locations. Therefore, for 
station 187 the solid line represents the actual measured 
settlement. At station 184 the center-line stake was 
destroyed soon after construction of the fill and the 
settlement at this point was interpolated. 


FILL SETTLEMENT AND LATERAL FLOW DISCUSSED 


Table 3 presents the settlement at the 10 boring 
locations at 1, 6, and 12 months after construction of 
the fill, together with the fill load, thickness of muck, 
and information on the character of the muck soil. The 
data for this table were taken from tables 1 and 2 and 
figures 12 and 13. The superimposed loads were com- 
puted on the basis of full hydrostatic uplift effective 
below zero elevation. 

The difference between the thickness of the muck 
layer prior to construction and that at the time of the 
borings represents the combined effect of lateral flow 
and 6 months compression under load. This difference 
varies from 3 feet to 17 feet (table 3). However, the 
total measured settlement for the 6-month period pre- 
ceding the boring operations ranges from a minimum 
_ of 0.7 foot to a maximum of 1.4 feet. Therefore, the 
\ reduction in thickness of the muck layer was due largely 
to the lateral flow occurring during construction. 

The variables apt to influence lateral flow are char- 
acter of soil, soil profile, load, original thickness of 
muck layer, and construction methods. The construc- 
tion procedure at station 175 + 50 was the same as that at 
station 184, and the behavior of the fill at these stations 
may be compared with respect to the other variables. 
A study of table 3 and figure 8 discloses no clear cut 
relationship existing between the amount of lateral flow 
and the above factors. However, it is true in a general 
way that, at station 184, where the lateral flow was of 
greater intensity, the natural moisture contents and 
liquid limits of the muck layers, the variations in the 
soul profile, and the original thickness of the muck layers 
were greater in amount than at station 175+50. On 
the other hand, considering station 184 by itself, these 
general relations do not explain the variations which 
have occurred. 


The loads shown in table 3 have no significance as to 
cause of lateral flow since the variation in load is the 
result of lateral flow. It will be noted that the heaviest 
loads in any section occur at the points where the abrupt 
slides took place. No abrupt shdes occurred at sta- 
tions 178+ 50 and 187 where the second lift was placed 
in two layers with a period of time intervening between 
layers. This indicates that the rate of application of 

\the load is more important in affecting fill movements 
than is the total load as disclosed by the borings. 

The factors which are apt to influence the amount 
and rate of fill settlement are characteristics of the 
muck layer, thickness of the muck layer, and the load 
superimposed on the muck laver. In this case the 
thickness of the muck layer at the time of the borings 
seems the logical value to use since all the lateral flow 
took place during construction or continued only a 
brief time after construction. 

From table 3 and figure 13 it will be observed that 
there is very little difference in the amount and rate of 
settlement at stations 175+50 and 178+ 50 although 
the moisture contents and liquid limits of cores no, 3 
and no. 4 indicate a much more unstable soil at station 
178+50 than at station 175+50 which is represented 
by core no. 2. It appears that a large variation in soil 

} properties as disclosed by these tests may have little 
influence on settlement. 

Neither the amount of superimposed load nor the 


thickness of the muck layer shows any relation to the % 


/amount and rate of settlement. The loads at stations § 
|175+50 and 178+ 50 are generally higher than on the § 
center line and 20 feet left of center line at station 184 
but the settlement after 12 months at the latter station 
is greater in amount. However, at the latter station 
the layer of compressible muck is more than twice as J 
thick. At all points except station 187 the settlements [7 
for the first month are practically the same in amount. 
Furthermore, at 6 months the settlement on the center | 
‘line at station 187 is much greater than that at 30 feet 
right of station 184, while the thicknesses of the muck 
| layers are equal and the loads differ only by 0.1 kilogram 
| per square centimeter. 

| The foregoing discussion shows that no consistent 
relationships exist between the amount and rate of 
settlement as measured and any one of the individual 
influencing factors of load, thickness of muck layer and 
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characteristics of muck layer. These variables seem 
to be interdependent in influencing settlement. 
compression test discloses, quantitatively, the combined 
effect of the several variables and it was decided to 
investigate the results of such tests. 
COMPRESSION TESTS DISCUSSED IN A SUPPLEMENTARY REPORT 
Extensive original research had to be performed in 
connection with analyses of the compression test data 
as such, before it was possible to explain the behavior 
of the fill at Four Mile Run. It is felt that a complete 
description of this work should be presented in a separate 
report. This supplementary report shows conclusively 
that the differences in moisture content of the muck 
undersoil (table 2) and the difference in settlement 
characteristics (fig. 13) are not the result of hap- 
hazard accident but, instead, are entirely in accordance 
with well-defined physical laws which control the con- 
solidation of muck deposits. It is demonstrated that 
proper analysis of the compression test data furnishes 
excellent means for estimating the amount and speed 
of settlement of loaded soil layers. 


SUMMARY 


The effect of the principal construction and_ soil 
variables upon the fill movements just discussed may be 
briefly summarized as follows: 

1. No consistent relation was found to exist between 
the arrangement of the pipe outlets and the extent of 
lateral flow. It is true that no slides occurred during 
the placing of the entire first lift or the placing of the 
second lift at station 187 when the material was dis- 
charged along the center line. In contrast, sliding did 
occur during the placing of the second lift at stations 
175+ 50 and 184 when the double pipe line arranged as 
in figure 4 was used. But slides occurred also during 
the construction of two other fills on this highway where 
the muck was over 40 feet deep, although a single pipe 
line discharging on the center line was used. 

2. The slope of the fill material during construction 
seemed to be important. This is not surprising since 
theoretically it is possible to make the slope of fills so 
small that lateral flow of even the softest of undersoils 
may be prevented. In this case no appreciable lateral 
flow occurred during the placing of the first lift, which 
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had very flat side slopes of 25 to 1. The second lift was 
placed with a much steeper slope of 10 to 1. It is pos- 
sible that had the slope of 25 to 1 been used throughout 
the second lift the sliding which occurred in certain 
places would have been prevented. 

It seems that the softer the muck, the deeper the 
muck and the more sloping the surface of the sand bed 
beneath, the more tendency there will be for the muck 
to displace laterally. 

Use of gentle slopes and placement of fill in thin 
layers seem to furnish the best possibilities for reducing 
sliding. In case sliding starts, it seems that shutting 
down the pumps temporarily, if there is no support for 
extension of pipe lines for continuing the fill ahead, is 
the most logical procedure. Consolidation of muck 
under the fill already placed will then proceed and 
increase the resistance of the muck to further sliding 
while the force productive of sliding remains constant 

3. The depth of the muck and the slope of the firm 
sand bed beneath seemed to exert some influence. The 
most extensive lateral flow occurred at station 184 
where the greatest depth of muck and the most irregular 
surface of the underlying sand were found. However, 
no sliding occurred at station 187 where the layer of 
muck was originally over 10 feet thicker than at station 
175 +50 where sliding did occur 

t. The manner in which the second lift 
may account for the slides which occurred 
175+50 and 184 and the absence of slides 
178 +50 and 187. 
At stations 175 

was 


was placed 
at stations 
at stations 


50 and 184 where the entire second 
lift constructed in a continuous operation the 
entire additional fill load was imposed upon the soft 
undersoil before adjustment took place. 

At stations 178+50 and 187 where the second lift 
was constructed in two layers, the muck had an oppor- 
tunity to consolidate under the load of the first layer 
before the second layer was imposed. 

It was observed, during the construction of another 
fill in a location where the mud had a minimum depth 
of 40 feet, that when sections of the fill slid out laterally 
in a manner similar to that described in this report, 
the movement stopped soon after the pumps were shut 
off. When pumping was resumed after being shut 
down for about 2 days, a considerable amount of fill 
could be placed before more sliding occurred 








FROST HEAVE IN HIGHWAYS AND ITS 
PREVENTION 


Reported by Henry Aaron, Assistant Highway Engineer, Division of Tests, Bureau of Public Road 


ROST ACTION affects road surfaces differently, 

depending on the type of surfacing. Rigid pave- 

ments are heaved and crack in excessive amounts 
but usually settle back in place after the frost leaves 
the ground. Successive heaves are often sufficient to 
break up long slabs of the thinner pavements to such 
an extent that replacement is required. In semirigid 
pavements the cracking and breakage due to one period 
of frost may require considerable patching, if not re- 
placement. Low-type wearing courses, such as gravel, 
are often entirely lost after one season, the gravel 
mixing with the soft undersoil without furnishing sta- 
bility. Figures 1 and 2 are examples of damage re- 
sulting from frost action. 

When heave occurs abruptly there results a hazard to 
traffic. It is not uncommon for short sections of 
pavement to heave 10 or 12 inches above the adjacent 
surface, thus becoming an obstruction capable of causing 
fast-moving vehicles to leave the road. Examples of 
such heaves are shown in figure 3. 

Rigid and semirigid pavements may adjust them- 
selves during thaws so that traffic is carried without 
resorting to special construction. Frost heaved sections 
of gravel roads are apt to become soupy mud, im- 
passable to any type of traffic during thaws. Figure 
4 is an example of such a condition. These short im- 
passable sections are sufficient to render the entire 
highway unsuitable for traffic for a period of several 
weeks during the spring and thus tend to isolate the 
towns located along the highway. Those who dare to 
venture forth usually require assistance in getting out 
of the mud before they get very far. 

Therefore, aside from the large maintenance costs 
which arise from frost failures there is a heavy economic 
loss inflicted on the users of these highways. 


PURPOSE AND SCOPE OF REPORT 


Prevention of the harmful effects of frost action has 
been a major problem in constructing and maintaining 
roads in climates where severe freezing occurs. The 
heaving produced in various types of soils which form 
the foundation for road surfaces has been studied ex- 
tensively, both in the laboratory and in the field. The 
results of these studies and the theories developed have 
been discussed in numerous published reports. Many 
types of remedial treatments have been installed in 
locations subject to frost heave by different engineers. 

To correlate the various methods employed by 
different engineers, the Bureau of Public Roads with the 
cooperation of the highway departments of Minnesota, 
Wisconsin, and Michigan, conducted a survey during 
the period from 1928 to 1933 to determine for specific 
cases (1) method of treatment used (2) its performance 
under service conditions, and (3) the physical proper- 
ties of the subgrade soils in the location and their ar- 
rangement in the soil profile. This report is the result 
of observations by the author, supplemented by in- 
formation from the engineers and maintenance superin- 
tendents in the respective States. The following aided 
in planning and conducting the survey and furnished 
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layers of the soil profile depending on the depth of cuts, 
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RACKING IN CONCRETE 
Frost HEAVE. 
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most of the photographs used in this report: A. Seifert 
and S. L. Taylor, district 4, United States Bureau of 
Public Roads; F. C. Lang, L. L. Allen, and C. K. Preus 
of the Minnesota Department ,of Highways; A. C. 
White, Mower County, Minn.; E. B. Tourtellot, Wis- 
consin Highway Commission; H. F. Janda, University 
of Wisconsin; and A. C. Benkelman, Michigan State 
Highway Department. 

No attempt is made in this report to explain the 
physics or mechanics of frost heaving. It is intended, 
primarily, as an exposition of methods used to prevent 
harmful frost action and the results of these methods. 
In order to interpret properly the vesults of the various 
methods, it is important to know the characteristics 
of the different subgrade soils which make up the soil 
profile in the location where they were used. Before 
considering the results of the preventive measures, it 
is advisable to discuss the different soil profiles found 
in this survey and their influence on heaving. 

THE SOIL PROFILE INFLUENCES HEAVING 


a road surface rarel 


any great distance. 


In many sections of the country 
rests on a uniform subgrade for 
This is due to two reasons: 

(1) The grade line frequently intersects a number of 
W 
and the several layers, often differing in their physical BR ex 
characteristics, will each in turn form the subgrade of 
the road. 

(2) An individual soil layer may possess such variable 
characteristics as— 
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A Bituminous Surface Damaged by 


Action. 


Effect of Heaving on a Gravel Road. 


Heaved Gravel Road at Beginning of Thawing 
Period. Planks Are Necessary to Prevent 
Miring. 


a) Pockets of soil material differing greatly in prop- 
erties from those of the remainder of the |: ayer. 
(b) Stratifications within the layer. 

Depressions in the profile of the laver boundaries 
which act as reservoirs for the collection of water in 
excessive amounts. 

¢) Variation in the ground-water elevation due to 
the topography of the adjac ent area. 

Differential heaving of pavements productive of dan- 
gerous traffic hazards i is generally due to variations in 
the soil profile. Figure 5 shows the different types of ! 
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FIGURE 2. 


| porous sandy soils (group A-3 soil). 








EXAMPLES OF TyPiIcAL HEAVING. 


soil profiles in which the preventive measures described 
in this report were installed. Profiles B, D, F, G, J, J, 
and O were furnished by W. I. Watkins of the United 
States Bureau of Chemistry and Soils. 

Figure 5—A illustrates the type of soil profile produc- 
tive of the heaving shown in the top picture of figure 3. 
The pockets of silt and silty clay (group A- 4 soil) 
varying in shape and depth occur within a deposit of 
The heaving in 
the silt pocket is excessive while that in the surround- 
ing sandy soils is negligible. Considerable heave occurs 
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Concrete Pavement 


\ Serir f Frost Heaves of a Gravel Surface 


Promine Heave in a Gravel Surface 


FiguRe 3.—EXAMPLES OF TyPIcAL HEAVING. 


also in the pocket of silty clay. However, it is covered 
by an appreciable layer of sand (about 18 inches) which 
reduces the effect on the surface. 

Figure 5—B shows a typical soil profile in the loessial 
area of Minnesota and Wisconsin. The frost heave is 
confined to that portion of the road resting on the un- 
weathered or slightly weathered structureless silt. 
The weathered upper layers of the profile are granular 
in structure and apparently do not suffer detrimental 
frost heave. 


According to the results of laboratory tests performe: 
on representative samples of the various layers of the 
profile (fig. 5-B) the weathered silt loams and th 
structureless silt possess physical properties commo) 


to the group A-4 soils, while the underlying clay pos- 


sesses the physical characteristics of the group <A- 
soils. 

The structureless loessial soil is a silt or silt loa 
containing a high percentage of very fine sand, has « 
high water-holding capacity, is unstable when wet, an 
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Figure 5 Sor. Prorites IN Wuicu DETRIMENTAL Frost HeEavi BEEN OBSERVED 


An example of detrimental frost heave in a sandy 
soil is illustrated in figure 5-C. The sand which varies 
from fine to coarse in texture and possesses physical 
properties indicative of the group A-—3 soils is main- 
tained in a saturated condition by a water table close 
to the surface. This is due largely to the topographic 
features of the adjoining terrain. The road cuts 
through small knobs or ridges, interspersed with bogs 
located both at higher and at lower elevations than the 
roadway. The middle picture of figure 3 is an example 
of the heaving produced in such a case. 

A soil profile in extremely variable glacial materials is 
illustrated in figure 5-D. The relation between frost 
heave and the various layers of the soil profile is similar 
to that described for figure 5—B. In this case the heav- 
ing occurs in an unweathered glacial till containing 
lime, sand pockets, and stratified sand and silt. Water 
possesses capillary properties in a high degree. Resting 18 transmitted to the roadway by the capillarity of the 
on a relatively impervious clay which retards percola- glacial till and also by the stratified sand and silt. 
tion and forms a water table at its base, a condition is Considerable amounts of water collect in the sand 
created favorable to strong functioning of the high pockets. 
capillary properties of the structureless silt layer. The unweathered glacial till laver is essentially a 
‘he clay may be at a considerable depth below the group A-4 soil. However, it includes strata and small 
road surface and not necessarily in as close proximity pockets of sand which possess the physical properties 
to the surface as is indicated by figure 5-B. The of the group A-3 soil. Such variations within a soil 
bottom picture of figure 3 is characteristic of the tvpe layer are especially productive of differential frost 
of heaving produced under the above conditions. heaving. 
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Figure 5—E is an illustration of a soil profile in which 
heaving occurs as a result of depressions in the surface 
of an impervious clay. The dense clay restricts perco- 
lation of water and maintains the overlying sand in a 
wet condition while the sags in the surface of the clay 
layer act as reservoirs for the collection of water in 
excessive amounts. This condition is productive of 
the type of heaving shown in the top picture of figure 
3 and attributed also to condition 5—A. 

Figures 5-F and 5-G are examples of soil profiles in 
which the heaving results as shown in the bottom 
picture of figure 2. The profiles consist of a surface 
layer of more or less unstable A—5 soil underlain by 
silts and very fine sands (group A-4 soils) which occur 
in pockets and layers of varying thicknesses adjacent 
to water-carrying soil layers. 

Figures 5—H, J, and J illustrate profiles which produce 
the greatest and most dangerous heaving. Stratified | 
silt and very fine sand (group A-4 soil) invariably 
heave in such amounts as to rupture any type of super- 
imposed road surface. Very dangerous differential 
heaving is produced when soil layers subject to detri- 
mental heave in varying amounts are arranged in 
pockets as in figures 5—J and 5—J. 

A different type of heaving condition is shown in 
figure 5-K. The laminated silty clay possesses 
physical characteristics of the group A-4 soils and 
performs in the same manner as the A-4 materials 
previously described. The group A-7 soil, however, is 
not generally subject to heaving. In this profile it 
includes very thin layers of silt which assist in keeping 
the clay very wet and soft. 

The majority of the clay loam soils similar to those 
shown in figure 5—L are subject to detrimental frost 
heave only when wet and poorly drained but consider- 
able heaving has been observed in fine sandy clay loam 
(group A-4 soils) containing appreciable amounts of | 
disseminated lime. Where the road surface rests on 
lime-free clay loam of the group A-7 soils no serious 
damage has resulted. 

The detrimental results of lime accumulations in a 
soil layer have been observed also in soil profiles where 
a limey clay loam of the group A-7 soils was found. | 
Two adjacent clay loam soil layers in the same road 
cut were found to possess similar physical properties 
but the one containing lime heaved excessively while 
the layer free of lime did not heave enough to damage 
the road surface. 

The soil profiles illustrated in figures 5—M and 5-N | 
produce heaving similar to that of the stratified soils | 
previously described and need no further discussion. 

Differential heaving is certain where there is the ex- 
treme variation in soils as shown in figure 5-O. The 
pocket of soil subject to frost heaving is composed of 
strata of water-bearing sand and strata of silt which | 
absorb water readily and resist all attempts at drainage. | 
The sand and gravel (A-3 soil) surrounding this pocket 
is well drained and does not permit the accumulation of | 
water, and no heaving occurs in the sand and gravel. 


PREVENTIVE MEASURES DESCRIBED 


Various methods used by different engineers in| 
efforts to prevent frost heaving are shown in figure 6. | 
Considering only the locations inspected in this survey, | 
figure 6—A shows a method which has been used since 
1921; figures 6-B, C, and D since 1928; figures 6-E, 
F, G, H, I and J since 1929; and figures 6—K to 6-P 
inclusive since about 1920.. 
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The methods of excavating heaving soil and substitut- 
ing a non-heaving material are illustrated in figures 


| 6-A to 6—/ inclusive. 


Figure 6—J shows excavation of the heaving soil, 
treating the bottom of the excavation with bituminous 
material to cut off capillary action and replacing the 
excavated material. 

Drainage channels to intercept and direct water away 
from the roadbed are shown in figures 6-AK to 6—P 
inclusive. 

Generally no more than 2 years are required for the 
surface condition to reflect the effectiveness of the 
preventive method used. This is especially true of 
methods which do not serve the requirements of the 
location. Insuch cases heaving has been observed dur- 
ing the first winter after installation. Therefore, the 
results of methods which have been in service since 1929 
are considered fully as significant as those which have 


| been in service since 1920. 


RESULTS OF PREVENTIVE MEASURES DISCUSSED 


The performance of these preventive measures 


employed in connection with different types of road 


surfaces and the 
described in table 1. 

The narrow center trench types A, B, and C, serve to 
eliminate only that heaving which might occur directly 
over the area of the excavation. The soil on the sides 
heaves sufficiently to crack concrete and bituminous 
pavements. The damage to gravel surfaces caused by 
the frost uplift is ironed out by maintenance after the 
frost leaves the ground so that there is no visible after- 
math of the winter condition. These methods reduce 
the amount of break-up during the spring thaws and 
allow passage of vehicles. Compared with the re- 
sults where no precautions are taken (fig. 4) the bene- 
fits of this method are considerable. 

Treatment for the full width of the traveled area as 
illustrated by type D has proven advantageous. 
There was no noticeable difference between the riding 
qualities of the surface laid over this type of treatment 
and adjacent sections where heaving had always been 
absent. The entire roadway remained smooth and 
firm during the spring thaw. 

The V-type trench (type E, table 1) is very popula: 
because it can be excavated with a blade grader, which 
materially reduces the cost of excavation. In most 
cases surfaces laid over subgrades so treated carry 
traffic in a satisfactory manner. However, the heaving 
at the sides of the trench 12 feet wide in soil profiles D) 
and J and the general heaving in the trench 26 feet 
wide in soil profile J has, in some cases, developed to the 
point where driving is safe only at very low speeds. 
The surfacing in the heaved area is badly broken. 

Measures F’, G, H, and J have proved satisfactory and 
reliable methods of preventing detrimental frost heave of 
concrete pavements. Except under the extreme cli- 


associated local soil condition is 


/matic conditions of the northern parts of Michigan and 


Wisconsin, heaving is negligible in treatments where 
the excavation and backfill is not less than 2 feet. 


| Noticeable but uniform heave has been measured in 


treatments 1 foot deep. 

The method of excavating the heaving material for 
the entire width of the roadway, treating the base of tle 
excavation with a bituminous material and replacing 
the excavated material (type J, table 1) has not been 
quite as successful as the full width treatments described 
above. Gravel surfaces on bituminous treated soils 
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FIGURE 6.—SUBGRADE DEsIGNs 
have become uneven and rough and cut up during the 
spring thaw. The heaving of a concrete pavement is 
noticeable but fairly uniform. Cracking more 
pronounced than in the locations where a selected 
back-fill material was substituted for the excavated 
frost heaving soil. 

The various kinds of treatment should not end ab- 
ruptly but should be tapered or feathered out. Accord- 
ing to observations by Andrew Seifert, concrete pave- 
uents laid on gravel back-fill tapered from 10 to 25 feet 
cracked considerably and became noticeably rough. 
lifty-foot tapers have been more satisfactory. 

The result of type K subgrade treatment, is strik- 
ingly iflustrated in figure 7 which shows how the gravel 
in the trench remains in place while the soil at the sides 
is forced up. The heaving at the sides of the narrow 
trenches previously described is similar in nature. 

_ Table 1 shows that the drainage types L to P, inclu- 
; ive, have been of practically no benefit in preventing 


is 


- heaving of soils. In most cases the drains have been 
da placed at arbitrary depths of 3 to 6 feet without regard 
. ‘o the type of soil or the arrangement of the soil layers. 
$ ‘ype M, when installed in water-bearing sandy soils 

—_ soil profiles C and £) in such a manner as to conform 
‘o the soil profile, served to intercept and carry away 

rt a of the water to prevent detrimental heave. 
ne ia us same type, when used in the stratified silts, fine 


sands, and clays (soil profile 7), was of no value whatever. | 
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Narrow TRENCH FILLED 
MATERIAL. 


FIGURE 7.—HEAVING AT SIDES OF 
WitH GRANULAR 


SOIL PROFILE MUST BE CONSIDERED IN DESIGN OF DRAINAGE 


SYSTEM 

However convenient it would be to be able to estab- 
lish definite and invariable spacing and depth require- 
ments for drains, the hopelessness of thus standardizing 
drainage design becomes increasingly apparent as re- 
search in soils, especially for engineering purposes, 
progresses 

Failure to obtain the desired stability is definitely 
attributable in many instances to the attempt to apply 
arbitrary standards of spacing and depth in the placing 
of the drains without regard to prevailing conditions. 








s 
e 
4}, 
ay) 
1 

- 


16 PUBLIC 


TABLE 1 Results of frost 





Type of 
treatment! 


Type of surfacing Soil profile ? 





repaired by ordinary blading operations. These bene- 
fits are not sufficient to justify recommending narrow 
center trenches as a standard preventive measure. 
However, where scarcity of gravel makes full width 
treatment prohibitive, center drains 3 to 6 feet wide on 
the less traveled roads, and not less than 8 feet wide, 
or a width of one traffic lane, on the more important 
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ROADS 


heave preventive measures 


Results Remarks 





A... ccstncst GUS F, D Heaved on sides during winter; surface softens during County roads; center trench 3 by 3 feet 
thaw. Carries moderate amount of traffic satisfactorily 
Bituminous surface treatment I,G Heaved excessively on sides; no serious break-up during Center trench 3 by 3 feet 
thaw 
Concrete. _.-- H Heaved sufficiently to cause considerable cracking Center trench 6 by 2 feet 
Dicacuscows, GEOUGl B Heaved a small amount on sides; no break-up Center trench 8 by 3.5 feet 
Cc ee eee J, L Heaved on sides; slight softening and rutting during Center trench 3 feet deep, 6 feet at top, 4 feet 
| thaw. Carries traffic satisfactorily it bottom 
Concrete L Heaved on sides removing crown; considerable cracking Db 
ES Gravel No heaving observed; smooth and firm; no break-up lrench 24 by 1 foot 
as _..| Bituminous surface treatment a Heaved on sides in soil profiles D and J; surface broken Treatment is 12 feet wide on soil profile 
but no rutting. Heaved badly in soil profile 1; 1 L) ar and 26 feet wide on soil profile I 
rutting V-type trench 
F — Concrete A to O, inclusive Heave negligible, very small amount of cracking Slightly wider than pavement 
ees Se ee L, M No detrimental heaving; very small amount of cracking Ly 
B.. Gieetend a Db, M Heave negligible; very small amount of crackin Do 
I . do ; B, D, L, M Heave negligible; small amount of cracking From ditch to ditet 
J Gravel Db Uneven and rough; small amount of rutting; carrie D 
traffic satisfactorily. 
Concrete _- . B Slight amount of heaving; fairly uniform; small amount LD 
of cracking 
«x oa Bituminous surface treatment N Heaved on sides of trenches leaving a narrow depressiotr Rough riding and dangerou ‘ 
slong the center line and over cross trenches; reduce 
surface break-up 
] .------| Gravel b> Reduced break-up in most cases so that traffic could > Ver 
move across, although difficult; some sectior I 
ible 
Concrete > Considerable cracking typical of frost heave 
a Gravel _. I Impassable during thaw rt ippar of rT 
Concrete C,E Heave negligible; small amount of cracking Dept of drains and location of cross dra 
ried rm Ww soil profile 
N ws Gravel D Soft and rutted in spots during thaw; carries traf! 
difficulty 
0 a ee. |e Db Impassable during thaw N ‘ I f t 
P aii Bituminous surface treatment Db Heaved breaking surfacing; carried traflic wit! 
ing throug! 
Concrete , kK Heaved and cracked considerab] Or ve such an exte 
rhe replaced 
. 
1 Refers to designs in fig. 6 Ref ‘ f 
There is only one practical procedure and that is to 
place drains at such distances apart and at such depths i! ’ 
as the interception and removal of offending moisture bs L.| 
requires. And this, it can readily be seen, becomes a pases as Ka 
> : f ; 
local problem, the solution of which depends upon such = tO Ye 
factors as the source of the water to be removed, the = 
character of the soils comprising the different lavers : —_ 
and the arrangement of the layers in the soil profile. 
A : 
To further complicate the problem, some soils very 
readily give up their contained water and thus may be 
easily stabilized by drainage; other soils exercise a high 
affinity for moisture and are not apt to be stabilized by ! ! — 
drainage. The only profiles found in this survey in 
which drainage can be reasonably certain to prevent 
frost heave are shown in figures 5—-C and 5-E. 
Figure 8—A shows how drains should be placed in 
order to prevent frost heave in soil profiles of the type wn e 
illustrated in figure 5-H. Frost heave occurring in A Soh beet 
. . _ . , 4) 
drainable soils due to a permanent high water table i — to 
(fig. 5-C) may be eliminated by the system of drains < | -GRA 2 ka 
shown in figure 8—B. It should be borne in mind that < fea a fel 
. “y° 08 | a < \ 
these methods are applicable only where the soil is more ti re 
' ° ° ° ' athe A ae N 
or less porous and does not possess capillarity in an ail, SE "Fook es 
appreciable amount. - 2 
CONCLUSIONS 
The following conclusions may be drawn from the — + > — — +t * > ae 
. . . ba 7 t 
foregoing discussion: Se praind , ; 
1. Center trenches reduced the heave of adjacent * 2 
eravel road surfacing during freezing and increased 1 
= “1 . % - —— — ‘ — + a 
stability during thaws to some extent. As a result the 2 ‘ . 
damage to the road surfacing which did occur could be B 


Figure 8.—MeEtTHOD OF PREVENTING Frost HEAVE IN DRAIN 
ABLE SOILs. 
highways, may serve as temporary expedients prior t: 
the construction of more permanent surfaces. 
2. The measures adopted to prevent frost heaving 
of concrete road surfaces should be effective over a! 


(Continued on p, 25). 








LABORATORY TESTS OF RESILIENT 





EXPANSION JOINT FILLERS 


Reported by D. O. WOOLF, Associate Materials Engineer, and D. G. RUNNER, Assistant 


Public 


OR MANY YEARS premolded fillers have been 

used in transverse expansion joints in concrete 

pavements to permit linear expansion of the con- 
crete. The most widely used type has been a plastic 
compound consisting of bitumen and finely ground 
mineral matter between surfaces of felt paper. With 
linear expansion of the concrete, the bituminous filler 
is displaced and forced upward above the surface of the 
pavement. In some this extruded material is 
removed to preserve the smoothness of the pavement 
or is partly spread or worn away by traffic.” In any 
event, subsequent contraction of the concrete results 
in the formation of an opening between the concrete 
and the joint filler since the bituminous filler, not being 
elastic, does not resume its original shape. Mainte- 
nance forces are expected to fill such openings with 
poured bituminous material so as to protect the sub- 
grade from surface drainage. Due to the cost of this 
maintenance, efforts have been directed within the last 
few vears toward the development of a resilient expan- 
sion joint which would absorb expansion of the concrete 
without appreciable extrusion of the filler and also ex- 
pand upon subsequent contraction of the concrete, thus 
keeping the joint filled. A number of materials for 
filling expansion joints have been developed which 
manufacturers claim will produce these results. 


Cases 


TESTS COVERED ALL AVAILABLE TYPES OF JOINT FILLERS 


In investigating resilient types of joint fillers, efforts 
were made to obtain samples representing the different 
inaterials used. Samples were obtained of sponge rub- 
ber, cane fiber, granulated cork, and compounds of 
asphalt and vulcanized rubber. A sample of the usual 
tvpe of premolded asphaltic joint filler was also tested 
for comparative purposes. These fillers are described 
as follows: 

Samples 1 and 2, brand A. Sponge-rubber fillers with 

minal thicknesses of one half inch and 1 inch, respec- 

vely. The sponge rubber is placed between protective 
eets of asphalt-treated felt. One edge of the filler is 
aled with rubber to make a waterproof surface. 

Sample 3, brand A. The usual type of preformed 

phaltie filler with felt sides. Nominal thickness, linch. 

Samples 4 and 5, brand BB. Sponge-rubber fillers with 

ninal thicknesses of one half inch and three quarter 
ch. The rubber appears to be of a much more open 

\ture at the center than at either side of the filler. 
(ne edge of the one half inch filler and both edges of 

three quarter inch filler are sealed with rubber. 
oth sides are protected with asphalt-coated felt. 

Sample 6, brand C, is a sponge-rubber filler, one half 

1 thick. The rubber is of uniform texture, and is 
proteeted by felt sides. The edges are not sealed. 

_ Sample 7, brand D, is a burlap-backed sponge-rubber 
liller with a nominal thickness of one half inch. The 
rubber is of uniform texture. The edges are not sealed. 

Samples 8 and 9, brand E, are made of vegetable 
cane) fiber, coated and impregnated with an asphaltic 
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compound. No protective backing is used. The sam- 
ples have nominal thicknesses of one half inch and 1 
inch 

Samples 10 and 11, brand F, are compounds of asphalt 
and fiber with particles of vuleanized rubber, some of 
which are three quarter inch in length. The surface 
of the joint is very irregular. The samples have nomi- 
nal thicknesses of one half inch and 1 inch. 

Sample 12, brand G, is composed of granulated cork 
bound with phenol formaldehyde resin. This material 
was submitted coated with an asphalt preparation and 
uncoated, but the manufacturers later advised that the 
coated filler was no longer used. Tests on the coated 
material had been started before this information was 
received and, since no difference was found between 
coated and uncoated specimens in trial determinations, 
the tests on coated specimens were continued. The 
material is of uniform texture, and has a nominal 
thickness of 1 inch. 

Sample 13, brand H, is made of a compound asphalt 
and finely ground vulcanized rubber, and has a nominal 
thickness of one half inch. 
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TESTS DESIGNED TO REPRESENT SERVICE CONDITIONS 


In selecting methods of testing to be used, an effort 
was made to duplicate as closely as possible the con- 
ditions to which joint fillers are subjected in actual 
service. These conditions include compression for 
varying lengths of time and weathering. The test 
methods adopted included measurements of the recov- 
ery of the filler after having been compressed a definite 
amount for various periods of time and, also, deter- 
minations of the effect of weathering, both natural and 
artificial. In addition, tests of the resiliency of the 
filler were made by determining the recovery following 
momentary compression of a definite amount 

Since the extended compression and weathering tests 
required considerable time, it was hoped that some cor- 





Figure 2.—Apparatus User 1n Extrusion Test. THREE 
SIDES OF THE SPECIMEN ARE RESTRAINED. 


relation could be found between the results of the 
momentary compression tests and the extended tests. 
Another series of tests was made to determine the 
amount of extrusion of filler which might be expected 
in service. Some question arose regarding the amount 
of compression to which the filler should be subjected 
in these tgsts. Several manufacturers of fillers recom- 
mended £ompression to 50 percent of the original 
thicknesg, and this amount was used in all tests ia 
which compression was applied. 

The manufacturers of rubber fillers recommended 
that the felt sides be removed prior to tests for resil- 
iency. It was decided, however, that the fillers should 
be tested in the same condition as when in service and 
all tests were made on the complete filler. This prac- 
tice resulted in compressing the resilient portion of the 
filler to a somewhat greater extent than suggested by 
the manufacturers since the thickness of the felt sides 
was included in the measurement of the original thick- 
ness. In all cases “original thickness” refers to the 
thickness of sample as received in the laboratory. 

In the test for resiliency, the specimen was placed 
between two steel plates and compressed to one half 
its original thickness in a universal testing machine at 
a free head speed of 0.05 inch per minute. The move- 


ment of the specimen was measured with an Ames dial | 
reading to 0.001 inch and mounted on a bridge above | 


the center of the specimen as shown in figure 1. Load 
was transmitted to the specimen through the steel 


18 PUBLIC ROADS Vol. 15, No. 1 


cylinder which straddled the bridge and which had a 
port to permit observation of the Ames dial. When the 
specimen had been compressed to one half its original 
thickness the load was quickly released, and the 
recovery noted at 1 minute intervals for 5 minutes. 
At least 1 hour later the recovery was again determined, 
and the procedure repeated. After three compressions 
the specimen was permitted to recover for 24 hours, 
and a final reading of recovery made. 

Extended compression tests were made to measure 
the resistance of specimens to fatigue. Specimens were 
compressed to one half their original thickness, clamped 
between steel plates, and held in compression for 
periods of from 7 days to 1 year. At the expiration of 
each period samples were removed from compression, 
and the recovery in 24 hours measured. The specimens 
compressed for 7 and 28 days were stored in the labora- 
tory, but the 3-, 6-, 9-, and 12-mdnth specimens were 
exposed to atmospheric conditions. 

Tests for durability included exposure to the weather 
for periods up to 1 year, exposure to 5 cycles of freezing 
and thawing, and exposure to 140° F. dry heat for 7 
days. Following each exposure, the specimens were 
tested for resiliency. These tests were made to deter- 
mine if natural conditions have any appreciable effect 
on the specimens. Specimens exposed to the weather 
were clamped between steel plates with only enough 
compression to hold the plates snug. Specimens sub- 
jected to frost action in the laboratory were saturated 
with water and frozen in water. Frozen specimens 
were thawed in water at about 80° F. One cycle was 
completed each 24 hours. The heat tests were made 
in a small oven, the source of heat being one 100-watt 
electric light bulb 

In the extrusion tests, the specimen was compressed 
to one half its original thickness between steel plates 
with three sides of the specimen restrained. The 
apparatus used is shown in figure 2. This apparatus 
was placed in a universal testing machine and load 
applied to the plate covering the specimen as in the 
momentary compression tests. An Ames dial reading 
to 0.001 inch was mounted horizontally in front of the 
specimen and recorded any extrusion of the material. 

At the start of this investigation it was the intention 
to use 6- by 6-inch specimens. The load required to 
compress some of the fillers necessitated the use of 
smaller specimens since only a 40,900-pound universal 
testing machine was available. In some cases in the 
recovery tests, specimens measuring 3 by 3 inches were 
used. In the extrusion tests two sizes of specimens, 
4% by 4% inches, and 2; by 2) inches, were used 
With the exception of samples 10 and 11, all materials 
were found to be fairly uniform in structure and 
behavior. The variations found in samples 10 and 11 
are attributed to the large particles of rubber used i 
the composition. 


SPONGE RUBBER AND CORK FILLERS SHOW HIGH RECOVERY AFTEK 
MOMENTARY COMPRESSION 


The results shown in the accompanying figures are 
the average, in each case of at least three individual 
tests, with the exception of the data for figures 10, 13, 
and 14. In these figures, each point represents the 
average of from 1 to 6 tests. Tabulated data showing 
the individual results are omitted in order to conserve 
space. 

The results of the momentary compression tests are 
shown in figure 3. In these tests each sample was 
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Figure 3.—THICKNESS OF SAMPLES AFTER THREE APPLICA NS OF MoMENTARY ESSION AND REcOVERY PERIODS 
aS INI rEI 
compressed three times to one half its original thickness sia ; . tiaee tient ek ean 
with the load immediately released after each compres- @ core BER,AVERAGE OF 6 SAMPLES 
sion. Rest periods of 1 hour followed each of the first : ; 
| two compressions and one of 24 hours followed the third 1 —— 7 
compression. The several sponge-rubber fillers and 
: the cork fillers recovered to at least 94 percent of their ac ! 
original thickness. The fillers of cane fiber recovered 
: at least 78 percent of the original thickness. The 
fillers composed of asphalt and rubber showed varying , 4 
amounts of recovery ranging from 63 to 77 percent, the < 60} fy 
tiller containing the finely ground rubber, no. 13, being 
C the least efficient. The plastic asphaltic filler showed a i 
e the least recovery of any specimen, as was expected. 
, Average curves showing the rate of recovery for 24 ‘ 1 
| , hours after release of pressure are given in figure 4. In 
; most cases practically all of the recovery was obtained 
a mmediately upon release of pressure, and in only one 
ise, that of the asphalt-rubber samples, was there any Ss 
; »  tmaterial increase in recovery between 5 minutes and 24 
)} hours. It appears that accurate classification can be 
4; ~@ made with a recovery time of only 5 minutes. ; 
’ 5] .* a . ° ° © Cc 
> Figure 5 shows the unit loads required to compress 23 4 S§ 2 24 
} the different specimens to one half their original thick- oiseaide tae lee 
e 4 ness. In several cases the load for the second and third _ he - idle 
‘| — compression was lower than for the one before it. This F!¢U® a I bigdnage—4 t Caen pp coke : ve Te AFTER CoMe 
& :° z . Z ° : PRESSION TO ¢ ERCENT OF RIGINAL HICKNESS. 
pA is accounted for by the relatively large set which oc- , . 
‘“ § curred on the first compression. Due to this set, the after to compress the material. This is illustrated by 
+ § material was not compressed to as great an extent on samples 1 and 5. The cork filler was apparently affected 
ve F the second or third loading as on the first, and a smaller | but little by the compression, since the loads required 
@ load was required. In some cases some change in the | were practically constant for all three compressions. 














physical characteristics of the material occurred in the 
lirst compression, and a larger load was required there- 





The sponge-rubber samples, nos. 1 to 7 but excluding 
3, showed considerable differences in the load required 
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to compress them. Sample 1 required about twice the 
load required for sample 2, although both were made 
by the same manufacturer. Sample 1 was only one half 
as thick as sample 2 and, since the felt sides were not 
removed from the specimens, the rubber in sample 1 
was compressed to a greater extent. It was expected 
that a greater load would be required. On the other 
hand, in the cases of samples 4 and 5, the thicker 
material required the greater load. Samples 6 and 7, 
which were both approximately one half inch thick, 
required relatively high loads to compress them to half 
of their original thickness. 

The load required to compress joint fillers is of 
interest since it is an indication of the compressive 
stress in the concrete pavement when the joint filler is 
deformed. Other things being equal, the filler requiring 
the least load for compression might reasonably be 
considered the most desirable since the concrete would 
be stressed the least. 

A specification for resilient joint filler suggested by 
a State highway department requires the determina- 
tion of the resiliency after 5 compressions to one half 
of the original thickness with 1-hour rest periods after 
each compression. Samples of sponge-rubber, cork, 
and fiber filler were tested under the proposed method 
and the results compared with those obtained in the 
three-cycle test previously discussed. Figure 6 shows 
that comparatively little change was found after the 
first application of load. It is apparent that a measure 
of the resiliency may be obtained from the first few cycles 
of compression and recovery. The five-cycle test 
involving a testing period at least 2 hours longer than 
that required by the three-cycle test does not seem to 
be necessary. 
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AR 


HALF ITs ORIGINAL 


aT EDGES 


THICKNESS aT E THREE APPLI- 


DIFFERENT FILLERS VARY GREATLY 


MATERIAL 


IN AMOUNT OF EXTRUDED 


The capacity of the testing machine available for 
these tests limited the size of the sample. A number 
of the specifications proposed by the manufacturers of 
filler materials recommended the use of a 4- by 5-inch 
test sample for the extrusion test. It was found neces- 
sary to use smaller samples and two sizes, 44 and 2} 
inches square, were used. Tests were made on the 
samples of sponge rubber and cork filler using both 
sizes of specimen to determine if the size had any 
effect on the amount of extrusion. All specimens were 
compressed to one half the original thickness with 
restraint on three edges. No appreciable difference 
in amount of extrusion was found between the two sizes 
ofspecimen. It was found, however, that the extrusion 
of the sponge-rubber filler varied directly with the thick- 
ness of the material. i 

The results of the extrusion tests in figure 7 show th 3 
asphaltic and asphalt-rubber fillers to have the greatest 
extrusion. The sponge-rubber fillers showed extrusion: 
of from one tenth to one quarter of aninch. The cor! 
and fiber fillers had practically no extrusion. The cork 4 
fiber, and most of the sponge-rubber fillers had no meas 
urable permanent extrusion, the extruded material § 
returning to its original position upon release of pres 
sure. Samples 6 and 7 showed some permanent ex 
trusion but this did not exceed 0.1 inch. The asphalti 
and asphalt-rubber fillers had practically no recover 
of the extruded material. Figure 8 shows a sample « 
asphaltic filler after the test. The extrusion on tl 


left was permitted by a slight movement of the upp: 4 
plate during the test. 
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_ In most eases the load required to produce compres- 
sion to one half the original thickness was but little 
greater with three edges restrained than with all edges 
fre The asphalt- rubber samples and samples 6 and 
7, of sponge rubber, however, required a considerably 
greater load with 3 edges restrained. Recov ery of 


specimens after the two tests was approximately the 
same, as shown by figure 9. 
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SAMPLES EXPOSED TO NATURAL AND ARTIFICIAL WEATHERING 

Tests to determine the effect of weathering were made 
by placing specimens between steel plates and expos- 
ing them to the weather. Sample 13 was not tested 
because it was received too late to obtain extended ex- 
posure without delaying the report. The cork joint, 
sample 12, was also received late and was exposed only 
6 months. Samples were exposed to the weather for 
periods of 3, 6, 9, and 12 months and then subjected to 
three applications of momentary compression to one 
half of their original thickness at hourly intervals and 
after a 24-hour recovery period the thickness was 
measured The average results are shown in figure 10. 
The sponge-rubber and fiber fillers apparently were not 
affected by the y exposure to weathering. The 
filler showed no deleterious effect of weathering 
at an age of 6 months. 


ear’s 
cork 


Considerable variation in re 
for the samples ol asphalt-rul 
numbers 10 and 11, contained large pieces of vul- 
canized rubber. Some variation from sample to sample 
— | probal lv be expected with small samples and it 

s believed that this variation accounts tor the err atic 
aie obtained. Considering the entire series of 
tests on the asphalt-ru bber filler it may be said that 
there is no evidence of the effect of weathering. 


test results was found 
»ber filler. These sam- 
ples, 


\ record of the temperatures to which the test speci- 
mens were exposed was obtained from a maximum and 


minimum thermometer placed beside the specimen 
racks. Figure 11 shows rather high maximum tem- 
peratures for the greater portion of the vear. The 
test specimens were pla ‘ed on the roof of a building 


near the wall of an adjoining building, where they were 
protected from the prevailing wind but exposed to the 
direct sunshine. The weather was mild and in only 
5 weeks did the temperature fall below freezing. 

Since expansion joint fillers would be subjected to 
more severe weathering in certain portions of the coun- 
try, samples of the materials were exposed to both heat 
and frost action in artificial weathering tests. At the 
completion of each treatment, the samples affected 
were given three momentary compressions, and the 
recovery measured (24-hour recovery Figure 12 
shows that exposure to a temperature of 140° F. for a 
period of 7 days was found to have no appreciable 
effect on any of the samples tested. 

In the freezing test, five cycles of freezing and thaw- 
ing in water seriously affected some of the test speci- 
mens. One of the cane fiber specimens was completely 
separated into two parts, and others were partially split 


open. Failure, was of course, on a plane parallel to 
the surface of the material. Sponge-rubber fillers 4 
and 5 were also affected by the frost action, the felt 


backing separated from the rubber and the rubber itself 
warped out of plane and, in some cases, expanded lon- 
gitudinally. Reference to figure 12 shows, however, 
that the resilient properties of the damaged specimens 
had been affected only to a very slight extent. 
Sustained compression tests were made as a measure 
of the enduring properties of the materials. Samples 
of each sponge-rubber filler were tested for periods of 
from 7 days tol year. Tests on the cork filler are now 
available for only 6 months since the material was 
received at a later date than the other samples. The 
great loss in resiliency resulting from the momentary 
compression of asphalt-rubber and cane-fiber fillers did 
not warrant further tests on these materials. However, 


tests on these types were made after sustained com- 
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FIGURE 7.—ExXTRUSION OF SPECIMENS WHEN COMPRESSED TO ONE HALF THE ORIGINAL Tuk 
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FiGuRE 9.—RELATION BETWEEN RECOVERY OF MATERIAL3 
AFTER THE FREE-EDGE AND THE RESTRAINED-EDGE TESTs. 
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pression for 7 days and 3 and 6 months. Asphalt- 


rubber filler no. 13 was not tested due to the lateness of 
receipt and the small amount of material submitted. 
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COMPRESSION OF MATERIAL AS RECEIVED 
FIGURE 12 RECOVERY AFTER COMPRESSION OF UNWEATHERED 
SPECIMENS CoMPARED WITH RECOVERY AFTER COMPRESSION 
OF SAMPLES SUBJECTED TO ARTIFICIAL WEATHERING. 


ALL SAMPLES SHOW PROGRESSIVE LOSS IN RESILIENCY WITH 
SUSTAINED COMPRESSION 


The recovery of specimens after sustained com- 
pression is shown in figures 13 and 14. Figure 13 shows 
average values for each type of material while the 
results for each sample of sponge-rubber filler are shown 
in figure 14. A recovery period of 24 hours was used in 
all cases. The cork filler showed a progressive loss in 
resiliency with increase in time of compression. After 
being compressed for 7 days, the cork filler recovered 
to 90 percent of its original thickness, but after 6 
months compression a recovery to only 63 percent was 
found. ‘The sponge-rubber filler showed on the average 


somewhat better recovery at 7 days, but at 6 months 
the recovery was practically the same as for the cork. 
After being under compression for 1 year, the sponge 
Con- 


rubber in general had practically no recovery. 
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sideration of the individual samples of sponge rubber 
indicates that one sample is somewhat superior to the 
others in resistance to fatigue. This sample, no. 5, 
showed a recovery to 67 percent after compression for 
1 year. Sample 4, made by the same manufacturer, 
showed no recovery, and it is possible that the results 
for sample 5 may be somewhat in error. Four of the 
other samples showed no change in thickness upon re- 
lease of pressure, and one recovered slightly to 53 
percent of its original thickness. After compression for 
28 days, all samples of sponge rubber showed recoveries 
of 74 percent of their original thicknesses or better. 
The fiber and asphalt-rubber fillers had relatively little 


Absorption tests were made on all samples. Test 
specimens were weighed, immersed in water for 24 
hours, wiped surface-dry and reweighed. The results 
given in figure 15 show the cane fiber filler to be the 
most absorptive and the asphaltic and asphalt-rubbe 
fillers to be the least. The sponge-rubber fillers shoy 
absorptions varying from 2.8 percent to 5.8 percent b 
weight. The cork filler absorbed only 2.6 percent 
water by weight. In the case of the sponge-rubbe 
and asphaltic samples the felt or burlap backin 
probably absorbed an appreciable amount of water. 

While the tests reported in this investigation can- 
not be said to be complete, it is believed that sufficient 
data have been obtained to furnish a fairly accurate 
knowledge of the capabilities of the various materia's 
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studied. It must be said that the perfect expansion- 
joint filler is yet to be developed. None of the ma- 
terials tested show all of the qualities desired in a filler. 
So far as resiliency is concerned, however, the majority 
of the materials tested are considerably superior to the 
plastic asphaltic fillers which have been used for many 
years. 

Of the materials tested, the sponge-rubber and cork 
fillers appear to combine to the highest degree the 
features of resiliency, durabilitv, and resistance to 
extrusion which are considered desirable in expansion 
joint fillers. The chief question regarding the sponge- 
rubber filler is the probable service life of the material. 
One year’s exposure to the weather failed to cause any 
apparent change in the characteristics of the sponge 
rubber. However, no definite information avail- 
able bevond this period. No conclusions can therefore 
be drawn at this time regarding the relative durability 
of fillers of this type. 

The cane or vegetable fiber filler possesses the best 
resistance to extrusion of any material included in this 
investigation. It is not very resilient and cannot be 
considered as efficient from this point of view as either 
sponge rubber or cork. Although the fiber joint is 
easily damaged by frost action, tests on frozen samples 
show no appreciable loss of resiliency. It is possible 
that after the material is installed frost action would 
have little deleterious effect on its performance. 

Information obtained from various sources indicates 
that changes in length of as much as one quarter inch 
may be expected in a 40- to 50-foot concrete slab due 


Is 


Continued from p. 16 


area extending not less than 1 foot bevond the edge 
of the pavement and to a depth of not less than 2 feet. 
Exeavation for the entire width of roadway and back- 
filling with selected material is preferable to the use of 
drains in excavated trenches. 

3. The same preventive measures should be adopted 
for bituminous road surfaces as are employed for con- 
crete road surfaces. 

4. A porous granular material of the A-3 soil group 
should be substituted for excavated frost-heave soil. 
in locations where the cost of this tvpe of material is 
excessive, topsoil may be used. The topsoil should be 
carefully selected from weathered soil layers and should 

e free from accumulations of lime. 

5. Drains do not prevent frost heave in typical frost- 
heave soils such as the silts, silt loams, silty clays, and 
silty clay loams. According to the results of tests, 


ist of these soils possess the physical properties of the 
up A-4 soils. 


ROADS 


to and moisture 


In 
These tests indicate the desirability of using 1 inch of 
cork or sponge rubber filler for each 40- to 50-foot slab 


variations temperature content. 


if it is desired to make allowance for the maximum 
expansion which may occur and at the same time have 
the joints tightly filled with desirable material. 

The asphalt-rubber fillers appear to be the least 
desirable of the materials studied. These fillers show 
relatively little resiliency and have large amounts of 
extrusion. In these respects they are little better 
than the plastic asphaltic joint fillers. 


CONCLUSIONS 


The following conclusions appear to be warranted 
by the test results. 

1. Considering the essential features of the resilient 
tvpes of filler as determined by the tests described in 
this report, the different types studied may be rated 
as follows: 

(a) Sponge rubber and cork 

bh) Fiber 

c Asphalt-rubber 

2. The different samples ol sponge-rubber filler ex- 
hibit a considerable range in physical characteristics, 
which warrants careful investigation of any particular 
material prior to use 

a" compression test with 3 edges restrained is 
believed suitable for testing resilient expansion joint 
fillers. Measurements of the recovery, extrusion, and 
applied load can be made in a single test. 


6. Frost heave caused by blocked drains or a high 
water table in porous A-3 soils may be prevented by 
the installation of drains. A thorough investigation 
of the soil conditions at each location should be made 
and the drainage system designed accordingly. 

7. Frost heaving in profiles C and EF (fig. 5) may be 
prevented by drainage. In order to eliminate detri- 
mental frost action under the conditions represented 
by the remainder of the profiles, the frost-heaving 
soils should be excavated (or grade line raised) and 
selected material placed beneath the surfacing. The 
type of treatment should be governed by the perma- 
nence of the surfacing and the traffic requirements. 

8. Information furnished by soil surveys, made prior 
to construction, should be utilized in fixing highway 
grades in such a manner as to correct the deficiencies of 
the natural soil profiles, with artificially constructed 
soil profiles. This practice will result in greater econ- 
omy than the correction of defects in the subgrade after 
the grading and surfacing have been completed. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 














Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D.C. As his office is not connected with the 
Department and as the Department does not sell publications, 
please send no remittance to the United States Department of 
Agriculture. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
5 cents. 
Report of the Chief of the Bureau of Public Roads, 1927. 
5 cents. 
Report of the Chief of the Bureau of Public Roads, 1928. 
5 cents. 
Report of the Chief of the Bureau of Public Roads, 1929. 
10 cents. 
Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 
Report of the Chief of the Bureau of Public Roads, 1932. 
10 cents. 
DEPARTMENT BULLETINS 
No. 136D . . Highway Bonds. 20 cents. 
No. 347D . . Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10 cents. 
No. 532D .. The Expansion and Contraction of Concrete 
and Concrete Roads. 10 cents. 
No. 583D . . Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25 cents. 
No. 660D . . Highway Cost Keeping. 10 cents. 
No. 1279D . . Rural Highway Mileage, Income, and Expendi- 


tures, 1921 and 1922. 


TECHNICAL BULLETINS 
No. 55T . . Highway Bridge Surveys. 
No. 265T . . Electrical Equipment on Movable Bridges. 


15 cents. 


20 cents. 


35 cents. 

MISCELLANEOUS CIRCULARS 

No. 62MC .. Standards Governing Plans, Specifications, 
Contract Forms, and Estimates for Federal- 
Aid Highway Projects. 5 cents. 

No. 93MC .. Direct Production Costs of Broken Stone. 
25 cents. 





MISCELLANEOUS PUBLICATION 
No. 76MP .. The results of Physical Tests of Road-Build- 


ing Rock. 25 cents. 


No. - . . Federal Legislation and Regulations Relating 


to Highway Construction. 10 cents. 


REPRINT FROM PUBLIC ROADS 


Reports on Subgrade Soil Studies. 40 cents. 








_ Single copies of the following publications may be obtained 
from the Bureau of Public Roads upon request. They cannot 
be purchased from the Superintendent of Documents. 


SEPARATE REPRINT FROM THE YEARBOOK 


No. 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 
Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 


Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 








A complete list of the publications of the Bureau of Public 
Roads, classified according to subject and including the more 
important articles in PUBLIC ROADS, may be obtained upon 
request addressed to the U.S. Bureau of Public Roads, Willard 
Building, Washington, D.C. 
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